Introduction
============

The orexin system is intimately involved in regulation and integration of sleep-wake states with metabolic energy levels, as well as the development of addictive behavior ([@B1]--[@B3]). Over a decade ago, the orexin system was characterized by a single gene encoding precursor peptides orexin A (OxA)[^4^](#FN4){ref-type="fn"} and orexin B (OxB) in neurons of the lateral hypothalamus ([@B4], [@B5]) and also in peripheral tissues ([@B6]). In the central nervous system, neurons send dense projections to nearly all regions of the brain ([@B7]), where orexins have specificity for two G protein-coupled receptors (GPCRs), orexin receptors 1 and 2 (OxR1 and OxR2). OxA displays similar potency for both receptors; however, OxB is substantially less potent at OxR1 compared with OxR2, as measured by ability to stimulate Ca^2+^ release ([@B4]).

Agonist-induced GPCR activation promotes phosphorylation of intracellular serine/threonine residues of many GPCRs by G protein-coupled receptor kinases (GRKs) ([@B8]). Typically, this event promotes recruitment of the multiadaptor proteins β-arrestin 1 and β-arrestin 2 (also known as arrestin-2 and arrestin-3, respectively) that results in desensitization of G protein-mediated signaling, and it generally provides a scaffold for internalization of the activated GPCR complex into endosomes inside the cell ([@B9]).

It has been shown for a number of GPCRs that trafficking of their activated complexes may be β-arrestin-independent ([@B10]--[@B16]). Indeed, there is notable evidence for some receptors not preferentially internalizing with β-arrestins despite interacting with them ([@B13]). However, the majority of GPCRs appear to utilize β-arrestins at some stage in the trafficking process, and it appears that an important factor in determining the ultimate fate of the receptor-β-arrestin complex tends to be the strength of the receptor-β-arrestin interaction.

In general terms, there are believed to be two possible outcomes for the GPCR following internalization. Resensitization may occur by dephosphorylation of the receptor complex allowing recycling back to the cell membrane. Alternatively, the complex may be targeted to late endosomes for proteosomal or lysosomal degradation ([@B17]). Additionally, it has been shown that GPCR-β-arrestin complexes can act as scaffolds for alternative downstream kinase signaling pathways, such as Src tyrosine kinases, Akt, and extracellular signal-regulated kinase (ERK) 1/2, independently of G protein coupling of the receptors ([@B18]--[@B22]). Importantly, this can alter the spatio-temporal nature of receptor-mediated kinase signaling ([@B23]).

Further functional outcomes of activated GPCR complexes have been correlated with the stability of ubiquitination of both GPCRs and β-arrestins ([@B24], [@B25]). Ubiquitination involves a multistep process culminating in the covalent attachment of ubiquitin to a protein that is consequently targeted for degradation through either the 26 S proteasome or lysosomes ([@B26], [@B27]). However, it also appears that ubiquitin modification can also compartmentalize protein complexes directly, or through the binding of ubiquitin-binding elements, to host a range of other nonproteolytic processes. These include regulation of endocytosis and cellular signaling ([@B28]--[@B30]), depending on the conjugation site and multimeric state of ubiquitin ([@B31]). Recently, the ubiquitination status of β-arrestin-bound GPCR complexes has been shown to play roles in endosomal targeting, ERK1/2 activation ([@B32]), and determining the stability of β-arrestin-receptor complexes ([@B33]). In addition, the state of these interactions seems to parallel the duration and magnitude of ERK1/2 phosphorylation through the scaffold activity exhibited by the multiadaptor protein properties of β-arrestin ([@B34], [@B35]).

Here, we show that both human orexin receptor subtypes interact with both β-arrestins 1 and 2 in an agonist dose-dependent manner but with 2 orders of magnitude lower potency than observed for G protein signaling. These potencies are lower than we have observed for other GPCRs interacting with β-arrestins. Furthermore, this difference is reflected in a potency shift between early (2 min) and late (90 min) OxA-induced ERK1/2 phosphorylation that is likely to result from predominantly G protein-mediated *versus* predominantly β-arrestin-mediated signaling, respectively ([@B34], [@B35]). Furthermore, bioluminescence resonance energy transfer (BRET) data indicate that the nature of the receptor-arrestin-ubiquitin complex differs between OxR subtypes, with OxA-induced BRET kinetics for proximity between receptor and β-arrestin or β-arrestin and ubiquitin correlating with the kinetics of both receptor recycling and ERK1/2 phosphorylation.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Materials

Wild type orexin receptor cDNAs were kindly provided by M. Yanagisawa (Howard Hughes Medical Institute, Dallas, TX); β-arrestin 1 and β-arrestin 2 cDNAs were kindly provided by J. Benovic (Kimmel Cancer Research Institute, Philadelphia), and phosphorylation-independent β-arrestin mutants (R169E and R170E) were generously provided by V. Gurevich (Vanderbilt University Medical Centre, Nashville, TN). cDNA sequences were PCR-amplified and subcloned into pcDNA3.1^+^ backbone vectors containing enhanced GFP (EGFP), Venus yellow fluorescent protein, or *Renilla* luciferase (*R*luc or *R*luc8) cDNA. The stop codon between the sequences was removed to generate constructs capable of being translated into fusion proteins upon transfection, as described previously ([@B36], [@B37]). Venus was kindly provided by Atsushi Miyawaki (RIKEN Brain Science Institute, Wako-city, Japan), and *R*luc8 was kindly provided by Andreas Loening and Sanjiv Gambhir (Stanford University, Stanford, CA). cDNA encoding ubiquitin (Addgene plasmid 11928) ([@B38]) was similarly subcloned into a Venus (no stop codon)-pcDNA3.1^+^ vector. Because of the ability of ubiquitin to form polyubiquitin chains, lysine residues at positions 48 and 63 were mutated to alanine. This has been done previously when BRET assays involving ubiquitin have been carried out, to avoid the potential for multiple acceptor moieties causing quenching or interference phenomena ([@B39]). Fusion cDNA constructs were verified by ABI Prism BigDye terminator sequencing (Australian Genome Research Facility, Brisbane, Australia) and compared with published sequence data. Ligands used were OxA and OxB (American Peptide Company).

#### Cell Culture and Transfection

COS-7, HEK293, and HEK293FT cells were maintained at 37 °C in 5% CO~2~ and complete media (Dulbecco\'s modified Eagle\'s medium (DMEM) containing 0.3 mg/ml glutamine, 100 IU/ml penicillin, and 100 μg/ml streptomycin (Invitrogen) supplemented with 5% fetal calf serum (FCS; Invitrogen)). HEK293FT media also contained geneticin (G418; 400 μg/ml; Invitrogen). Transfections were carried out 24 h after cell seeding using GeneJuice (Novagen) according to the manufacturer\'s instructions. HEK293 stable cell lines were maintained in 400--500 μg/ml G418.

#### Inositol Phosphate Assays

COS-7 cells were seeded in 100-mm dishes at a density of 700,000 cells/dish, and total inositol phosphate production was measured as described previously ([@B37]).

#### BRET Assays

COS-7 or HEK293FT cells transfected 48 h earlier were harvested and prepared as described previously in white 96-well plates (Nunc) ([@B37]). For BRET^1^ dose-response assays, coelenterazine *h* substrate was added to a final concentration of 5 μ[m]{.smallcaps}, and analysis was carried out immediately. Samples were incubated for 5 min in the presence of various concentrations of agonist and then measured for four sequential reads. For extended BRET (eBRET) assays, cells were resuspended in HEPES-buffered (25 m[m]{.smallcaps}) phenol-red free DMEM with 5% FCS to maintain viability. EnduRen^TM^ substrate (Promega) was added to each well at a final concentration of 60 μ[m]{.smallcaps}. Cells were left for 2 h at 37 °C, 5% CO~2~ in order for the cell-permeable substrate to equilibrate. Samples were sequentially read using either a Mithras^TM^ LB940 luminescence plate reader (Berthold) or VICTOR Light^TM^ 1420 luminescence counter (PerkinElmer Life Sciences) using appropriate filter sets as detailed below. eBRET kinetics were measured for ∼30 min to obtain a basal signal. Cells were then treated with vehicle or ligand and read continuously for several hours. BRET ratios for β-arrestin recruitment to OxRs were calculated by subtracting the ratio of \>500 nm emission over the 400--475-nm emission for a cell sample containing only the *R*luc construct from the same ratio for a sample containing both the *R*luc and EGFP fusion proteins as described previously ([@B37]). The ligand-induced BRET signal for β-arrestin-ubiquitin proximity was calculated by subtracting the ratio of 520--540-nm emission over the 400--475-nm emission for a vehicle-treated cell sample containing both *R*luc8 and Venus fusion proteins from the same ratio for a second aliquot of the same cells that was treated with ligand as described previously ([@B40]). The final pretreatment reading is presented at the zero time point (time of ligand or vehicle addition).

#### Confocal Microscopy

HEK293 cells were seeded in 6-well plates at a density of 650,000 cells/well, and confocal microscopy procedures were carried out as described previously ([@B37]).

#### Enzyme-linked Immunosorbent Assay (ELISA)

OxR constructs were generated with a hemagglutinin (HA) epitope tag incorporated at the N terminus of OxR1 and OxR2. Stably transfected HEK293 cells expressing either HA-OxR1 or HA-OxR2 were plated into 24-well plates at 200,000 cells/well with complete media. The next day, media were removed, and 0.5 ml of media containing a 1:2500 dilution of anti-HA serum (raised in rabbit and generously provided by S. Schulz, Institute of Pharmacology and Toxicology, University of Jena, Germany) was added to wells. Cells were then incubated with antibody at 4 °C for 2 h. Media were removed and replaced with 0.5 ml of media containing OxA. Cells were then incubated at 37 °C for 1 h. Following treatment, cells were washed with phosphate-buffered saline (PBS). They were then fixed in 0.5 ml of Zamboni\'s fixative at room temperature for ∼30 min, either immediately (0 min washout) or following incubation for 20, 40, or 60 min in media. Fixative was removed, and the cells were washed twice with PBS before adding 0.5 ml of PBS containing secondary antibody (anti-rabbit IgG, horseradish-peroxidase-linked whole antibody raised in donkey; Amersham Biosciences). Secondary antibody was diluted 1:2000. Samples were incubated at room temperature with gentle rocking for ∼2 h. Finally, cells were washed twice with PBS before 250 μl of horseradish peroxidase substrate 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (Sigma) was added to wells and incubated at room temperature with rocking for ∼15 min. 200-μl aliquots were then transferred to a clear-bottomed 96-well plate, and samples were measured at 405 nm using an Envision 2102 multilabel plate reader (PerkinElmer Life Sciences). All treatments were performed in triplicate, and each assay included a primary antibody control.

#### Homogeneous Cell-based ERK1/2 Phosphorylation Assay

ERK1/2 phosphorylation was measured using the SureFire ERK1/2 phosphorylation kit (TGR Biosciences) with IgG Protein A AlphaScreen donor/acceptor beads (PerkinElmer Life Sciences) ([@B41]). HEK293 cells stably expressing OxR cDNA constructs were seeded in white 96-well plates (Nunc) at a density of 60,000 cells/well in serum-free DMEM. After 16 h, media were replaced, and treatments were carried out 1 h later. Treated cells were assayed according to the manufacturer\'s instructions, and samples were measured using an Envision 2102 multilabel plate reader (PerkinElmer Life Sciences).

#### Data Presentation and Statistical Analyses

Data were presented and analyzed using Prism 5.0 software (GraphPad). Sigmoidal dose-response curves were fitted to the data for inositol phosphate production, β-arrestin recruitment to OxRs, and ERK1/2 phosphorylation using nonlinear regression. Statistical comparisons of logEC~50~ values and recycling time course data were assessed using two-way analysis of variance with Bonferroni post-test analysis or Student\'s *t* test where appropriate. Statistical significance for eBRET and ERK1/2 phosphorylation kinetic data was determined using a two-way repeated measure analysis of variance with Bonferroni post-test analysis.

RESULTS
=======

### 

#### Inositol Phosphate Signaling

Wild type (WT) and EGFP-tagged human OxR constructs for both subtypes were able to induce robust inositol phosphate production in the presence of either orexin ligand. In response to OxA or OxB treatment, the signaling potencies of EGFP-tagged OxR1 and OxR2 constructs were not significantly different from respective WT receptors ([Table 1](#T1){ref-type="table"}). As expected, a nanomolar effective concentration of agonist was shown to elicit a half-maximal response for OxA at OxR1 and OxR2, as well as OxB at OxR2. Additionally, the potency of OxB was substantially lower at OxR1 compared with that observed with OxA at OxR1 or OxB at OxR2, as has been similarly observed for G protein-mediated Ca^2+^ signaling ([@B4]).

###### 

**EC~50~ data for inositol phosphate signaling dose-response assays comparing wild type with EGFP-tagged OxR subtypes**

Inositol phosphate production was measured in COS-7 whole cell lysates transfected with wild type (WT) or EGFP-tagged OxRs and treated with a range of concentrations of OxA or OxB. Results are presented as mean ± S.E. of three independent experiments. Statistics were carried out using logEC~50~ values.

                      OxR1 EC~50~                                                                        OxR2 EC~50~
  ------------------- ---------------------------------------------------------------------------------- --------------------
                      *n[m]{.smallcaps}*                                                                 *n[m]{.smallcaps}*
  **OxA**                                                                                                
      Receptor-WT     5.2 ± 1.1                                                                          2.6 ± 0.5
      Receptor-EGFP   9.6 ± 1.8                                                                          4.3 ± 0.9
  **OxB**                                                                                                
      Receptor-WT     59.4 ± 14.1*^[a](#TF1-1){ref-type="table-fn"},[b](#TF1-2){ref-type="table-fn"}^*   2.3 ± 1.0
      Receptor-EGFP   92.0 ± 18.3*^[a](#TF1-1){ref-type="table-fn"},[b](#TF1-2){ref-type="table-fn"}^*   2.9 ± 0.7

*^a^ p* \< 0.05 compared with respective OxR2.

*^b^ p* \< 0.05 compared with respective receptor treated with OxA.

#### BRET Dose-Response Analysis of OxR-β-Arrestin Proximity

BRET EC~50~ values for OxR-β-arrestin proximity were found to be 2 orders of magnitude higher ([Table 2](#T2){ref-type="table"}) than the EC~50~ values observed for inositol phosphate production ([Table 1](#T1){ref-type="table"}). These data were generated using COS-7 cells; however, similar BRET EC~50~ values were observed using HEK293FT cells (data not shown). The use of phosphorylation-independent β-arrestin mutants had little effect, indicating that receptor phosphorylation was not generally a limiting factor under these conditions. A small but significant difference in potency was observed for OxR1 compared with OxR2 in COS-7 cells treated with OxA ([Table 2](#T2){ref-type="table"}). This was also observed with the phosphorylation-independent mutants. Again, similar observations were made with HEK293FT cells, although the differences between receptors treated with OxA were not statistically significant in these cells (data not shown).

###### 

**EC~50~ data for BRET OxR-β-arrestin proximity dose-response assays**

COS-7 cells were co-transfected with either OxR1 or OxR2 (EGFP-tagged) and either a wild type (WT) or phosphorylation-independent mutant (R169E or R170E) form of β-arrestin 1 or 2 (*R*luc-tagged). Cells were treated with a range of concentrations of OxA or OxB at 37 °C. Results are presented as mean ± S.E. of three independent experiments. Statistics were carried out on logEC~50~ values.

                           OxR1 EC~50~                                          OxR2 EC~50~
  ------------------------ ---------------------------------------------------- --------------------------------------------------
                           *n[m]{.smallcaps}*                                   *n[m]{.smallcaps}*
  **OxA**                                                                       
      β-Arrestin 1-WT      777.0 ± 54.6[*^a^*](#TF2-1){ref-type="table-fn"}     375.9 ± 121.5
      β-Arrestin 2-WT      719.4 ± 102.2[*^a^*](#TF2-1){ref-type="table-fn"}    214.7 ± 75.7
      β-Arrestin 1-R169E   412.1 ± 44.1[*^a^*](#TF2-1){ref-type="table-fn"}     138.7 ± 22.7[*^b^*](#TF2-2){ref-type="table-fn"}
      β-Arrestin 2-R170E   400.8 ± 46.5[*^a^*](#TF2-1){ref-type="table-fn"}     161.5 ± 18.2
                                                                                
  **OxB**                                                                       
      β-Arrestin 1-WT      Too high to determine                                334.3 ± 112.6
      β-Arrestin 2-WT      Too high to determine                                383.6 ± 203.3
      β-Arrestin 1-R169E   3766.8 ± 546.7[*^a^*](#TF2-1){ref-type="table-fn"}   228.3 ± 65.5
      β-Arrestin 2-R170E   3788.8 ± 366.4[*^a^*](#TF2-1){ref-type="table-fn"}   278.2 ± 148.1

*^a^ p* \< 0.05 compared with OxR2.

*^b^ p* \< 0.05 compared with the respective β-arrestin WT. Note that as EC~50~ values for OxB-induced OxR1 proximity with β-arrestin 1 or 2 WT were too high to determine, statistical comparisons involving these values could not be carried out.

BRET EC~50~ values for OxR2 proximity to mutant β-arrestins in the presence of OxB were significantly less than those observed for OxR1 paired with the same β-arrestins ([Table 2](#T2){ref-type="table"}). BRET EC~50~ values for OxR1 proximity to WT β-arrestins treated with OxB could not be obtained, as sufficiently high concentrations of OxB could not be tested ([Table 2](#T2){ref-type="table"}). This indicates substantially lower potency than at OxR2, even if statistical analysis is precluded. OxB BRET EC~50~ values for OxR2 proximity to β-arrestins were not significantly different than respective EC~50~ values from OxA dose-response analyses.

The β-arrestin proximity potency shift observed between the different OxR subtypes activated by OxB ([Table 2](#T2){ref-type="table"}) appears to reflect that observed for inositol phosphate production ([Table 1](#T1){ref-type="table"}), which in turn reflects published differences in OxB binding affinity at the two receptors ([@B4]). Therefore, for the remainder of the study, we focused our attention on investigating potential differences between the OxR subtypes when activated by OxA, which has similar binding affinity ([@B4]), and inositol phosphate production potency ([Table 1](#T1){ref-type="table"}) at both receptors.

#### eBRET Monitoring of OxA-induced OxR-β-Arrestin Proximity

Following treatment with 1 μ[m]{.smallcaps} OxA, COS-7 cells transfected with BRET-tagged pairs of OxR and β-arrestin subtypes elicited a robust initial increase in BRET response ([Fig. 1](#F1){ref-type="fig"}, *A* and *B*). The response was similarly observed for all OxR-β-arrestin combinations, although slightly heightened for OxR interactions with β-arrestin 2. However, subsequent kinetics differed between OxR subtypes. OxR2-expressing cells displayed a significantly more stable BRET signal with both β-arrestins in comparison with OxR1 over 4 h of continual stimulation with OxA. A significant divergence between OxR subtype kinetic profiles was observed after 67 min for β-arrestin 1 (*p* \< 0.05; [Fig. 1](#F1){ref-type="fig"}*A*), and 75 min for β-arrestin 2 (*p* \< 0.05; [Fig. 1](#F1){ref-type="fig"}*B*) and continued over the rest of the 4-h measurement period.

![**eBRET kinetic data for OxA-induced OxR proximity to β-arrestin 1 and 2.** To assess EGFP-tagged OxR1 and OxR2 proximity to *R*luc-tagged β-arrestin 1 (*A*) and β-arrestin 2 (*B*), a basal BRET signal was established in the absence of ligand for 30 min. Cells were then treated with either vehicle or OxA and monitored in real time for up to 4 h. Results are presented as the mean BRET ratio ± S.E. of at least three independent experiments. \*, *p* \< 0.05 between OxR subtypes treated with OxA.](zbc0221160440001){#F1}

#### Confocal Microscopy Indicates That Both OxR Subtypes Internalize into Endosomes following OxA Treatment

HEK293 cells transfected with OxR1-EGFP or OxR2-EGFP exhibited fluorescence on the cell surface indicative of receptor expression at the plasma membrane ([Fig. 2](#F2){ref-type="fig"}). Following treatment with 1 μ[m]{.smallcaps} OxA for either 5 or 30 min, similar punctate fluorescence was observed throughout the cytosol of cells containing all combinations of EGFP-tagged OxRs and untagged β-arrestins, consistent with similar internalization into endosomes ([Fig. 2](#F2){ref-type="fig"}).

![**Confocal microscopy showing redistribution of OxRs following OxA treatment.** OxR1-EGFP or OxR2-EGFP was visualized in HEK293 cells overexpressing untagged β-arrestin 1 or 2. The distribution of EGFP-tagged OxRs is shown in untreated cells compared with those treated with OxA for 5 or 30 min as indicated.](zbc0221160440002){#F2}

#### OxR Subtypes Recycle at Different Rates following OxA Treatment

Recycling of the receptor back to the cell surface was monitored after treatment with OxA for 60 min and subsequent washing out of agonist for specified time periods ([Fig. 3](#F3){ref-type="fig"}). After immediate cell fixation following agonist treatment, both stably expressing cell lines exhibited a similar decrease in cell surface HA immunoreactivity consistent with the similar levels of receptor internalization observed with confocal microscopy. However, after a 20-min washout period, a significantly lower percentage of HA-OxR2 was detected at the cell surface compared with HA-OxR1 ([Fig. 3](#F3){ref-type="fig"}). This difference was not observed for washout periods of 40 min and greater ([Fig. 3](#F3){ref-type="fig"}).

![**OxR recycling rates following OxA treatment.** HA-OxR1 and HA-OxR2 stable cell lines were treated for 60 min with OxA, following which cells were either washed and fixed immediately (0 min washout) or washed and incubated in media for varying time periods before fixing. Data are presented as the percentage of receptors at the cell surface relative to untreated samples (mean ± S.E.) from three independent experiments. \*, *p* \< 0.05 compared with OxR1 at same time point.](zbc0221160440003){#F3}

#### β-Arrestin 2-Ubiquitin eBRET Kinetics Differ between OxR Subtypes

Upon OxA treatment of cells co-expressing BRET-tagged β-arrestin 2 and ubiquitin constructs, in addition to an untagged OxR subtype, a robust increase in BRET signal was observed for both receptors ([Fig. 4](#F4){ref-type="fig"}). The maximal BRET signal was significantly higher for cells expressing OxR2 compared with OxR1 after 12 min of OxA stimulation and remained so over the 4-h measurement period ([Fig. 4](#F4){ref-type="fig"}). In addition, the time at which the peak BRET signal for OxR2 was reached was later than for OxR1. The BRET signal for OxR2 was relatively sustained over the 4-h measurement period. In contrast, the OxR1 signal was transient, returning to and remaining at base line after ∼75 min of ligand stimulation ([Fig. 4](#F4){ref-type="fig"}).

![**eBRET kinetic data for OxA-induced β-arrestin 2-ubiquitin proximity in the presence of OxR1 or OxR2.** Kinetic profiles of changes in proximity between *R*luc8-tagged β-arrestin 2 and Venus-tagged ubiquitin in the presence of untagged OxR1 or OxR2 transiently transfected in HEK293FT cells. Cells were treated with OxA and measured over a 4-h period. Data are expressed as mean ± S.E. of three independent experiments; \*, *p* \< 0.05 between OxR1 and OxR2 from 12 min up to 4 h post-agonist stimulation.](zbc0221160440004){#F4}

#### OxR Subtypes Display Different ERK1/2 Phosphorylation Kinetics

Using the homogeneous cell-based SureFire assay, ERK1/2 phosphorylation was monitored over a period of 4 h following stimulation with a maximal dose of OxA in cells stably transfected with either OxR subtype ([Fig. 5](#F5){ref-type="fig"}*A*). Maximal levels of phosphorylated ERK1/2 (pERK1/2) were observed 2 min after agonist stimulation, and all subsequent measurement data were normalized to this maximal value. Relative levels of pERK1/2 were similar at 5 min post-agonist stimulation; however, a significantly lower level of pERK1/2 was observed for OxR1 compared with OxR2 at 10 min and up to 2 h following sustained agonist stimulation ([Fig. 5](#F5){ref-type="fig"}*A*). Kinetically, OxR2-expressing cells exhibited a more stable, prolonged pERK1/2 profile compared with OxR1. pERK1/2 levels in OxR1-expressing cells dropped to ∼30% of maximal levels after 60 min and were similar throughout the remainder of the 4-h time course, whereas OxR2 exhibited a more gradual decrease over the same time period ([Fig. 5](#F5){ref-type="fig"}*A*).

![**ERK1/2 phosphorylation data for OxR1 and OxR2 stably transfected in HEK293 cells.** *A*, stably transfected HEK293 cells were treated with OxA and measured over a 4-h period. Data were normalized to time-matched vehicle treatments and are expressed as a percentage of the maximal response induced at 2 min post-agonist treatment. Data are expressed as mean ± S.E. of four independent experiments. \*, *p* \< 0.05 between OxR1 and OxR2 from 10 to 120 min post-agonist stimulation. *B*, dose-response data were collected at 2 and 90 min post OxA treatment of OxR2-expressing cells. Data were expressed as a percentage of the maximal response induced at the time point. Data are expressed as mean ± S.E. of four independent experiments.](zbc0221160440005){#F5}

#### OxR2 Exhibits a Time-dependent Shift in ERK1/2 Phosphorylation Potency

OxA-induced ERK1/2 phosphorylation dose-response data were generated at two distinct time points, 2 and 90 min post-agonist stimulation. For OxR1 at 90 min, the ERK1/2 phosphorylation exhibited insufficient dose dependence to generate meaningful data, and so comparison of the 2- and 90-min time points could not be made. However, for OxR2 a significantly higher dose of OxA was required at 90 min (EC~50~ ± S.E. of 47.3 ± 12.3 n[m]{.smallcaps}) compared with 2 min (EC~50~ ± S.E. of 7.5 ± 1.3 n[m]{.smallcaps}) to achieve a similar proportion of pERK1/2 (*p* \< 0.05 evaluated using logEC~50~ values; [Fig. 5](#F5){ref-type="fig"}*B*).

DISCUSSION
==========

### 

#### Potency of β-Arrestin Recruitment to OxRs

The potencies of β-arrestin recruitment to both OxRs were surprisingly low, being 2 orders of magnitude lower than observed for inositol phosphate production. These potencies are lower than we have observed for other GPCRs interacting with β-arrestins using BRET, including angiotensin II receptor type 1 ([@B37]), thyrotropin-releasing hormone receptor ([@B40]), and chemokine receptors CCR5 and CXCR4 ([@B42]). Investigations of the role of receptor phosphorylation in receptor-β-arrestin interactions, and subsequent receptor internalization, have taken advantage of the properties of mutant β-arrestins ([@B43]--[@B46]). Mutant β-arrestins (R169E and R170E) do not require receptor phosphorylation for activation ([@B47]) and were included in the study to assess whether receptor phosphorylation was a limiting factor for the potency of β-arrestin recruitment to OxRs in these cells. Overall, this would appear not to be the case as the only statistically significant difference when comparing WT and mutant β-arrestins was with OxA acting on the combination of β-arrestin 1 and OxR2 in COS-7 cells (2.7-fold shift). These data suggest that either nonlimiting amounts of GRK were present or that GRK phosphorylation may not be required for β-arrestin binding. However, as a previous study observed that elimination of a particular GRK phosphorylation motif in OxR1 resulted in a loss of OxR1 internalization and β-arrestin co-localization ([@B48]), it is likely that GRK phosphorylation is required for OxR-β-arrestin binding.

#### Temporal Differences between OxR Subtypes with Respect to β-Arrestin Recruitment

Our eBRET data imply that although both OxRs are capable of associating with both β-arrestins following OxA activation, OxR2 appears to have a more stable interaction with β-arrestins that is sustained significantly longer compared with OxR1, with this being reflected in the BRET signal from populations of many individual receptor-β-arrestin interactions in many cells. The small but significant difference in BRET EC~50~ values between OxR subtypes, at least in COS-7 cells ([Table 2](#T2){ref-type="table"}), is also consistent with OxR2 interacting with β-arrestins more avidly than OxR1.

The role of GRK phosphorylation in β-arrestin binding to activated GPCRs has been discussed previously ([@B20], [@B49]--[@B51]), the stability of which has been found to be positively correlated with the composition and quantity of serine/threonine residue clusters in the C-tail of receptors ([@B49], [@B51]). Sequence analysis of amino acid residues in the C-tail of OxR subtypes indicates that OxR1 has two putative GRK-specific phosphorylation sites ([@B17], [@B48], [@B52], [@B53]), only one of which appears to play a significant role in β-arrestin interaction ([@B48]). In contrast, OxR2 contains three of these motifs ([@B17]). Thus, the potential for more extensive phosphorylation of the OxR2 subtype following agonist binding may contribute to the more stable interaction observed between OxR2 and β-arrestins compared with OxR1.

It should be noted that other intracellular serine/threonine residues outside the C-tail of GPCRs could also play a role in β-arrestin recruitment. Neuropeptide Y receptor subtype 5 exhibits a robust interaction with β-arrestin 2 measured using BRET despite possessing a relatively short C-tail with few phosphorylation sites ([@B54]). However, Y receptor subtype 5 has an extended third intracellular loop with phosphorylation sites ([@B54]). In addition, membrane association of the C-tail by palmitoylation can also affect β-arrestin-binding stability ([@B55]--[@B57]). However, both OxRs possess similar putative palmitoylation sites in the proximal C-tail and GRK phosphorylation sites in the third intracellular loop.

#### OxR1 Recycles More Rapidly than OxR2

Results from studies of receptor-β-arrestin coupling using chimeric receptors in which the C-tails of GPCRs were swapped indicated that, at least for the receptors investigated, the rate of β-arrestin-dependent GPCR recycling and resensitization directly correlated with the presence or absence of highly conserved serine/threonine clusters within the C-tail of the receptor ([@B58], [@B59]). The fate of the receptor-β-arrestin complex is often correlated with the strength and stability of this interaction, which is itself typically dependent upon the amino acid composition of the receptor C-tail ([@B19], [@B53], [@B59]). Work with the somatostatin receptor subtypes, for example, showed that receptor degradation, recycling, and up/down-regulation were all determined, to an extent, by receptor phosphorylation and β-arrestin coupling ([@B60]). From our study, it would appear that the higher rate of OxR1 dissociation from either form of β-arrestin, despite a strong initial interaction (as evidenced by the eBRET kinetic assays), is associated with more rapid recycling back to the plasma membrane compared with OxR2.

#### OxA-induced β-Arrestin-Ubiquitin Proximity Provides Further Insights into OxR Complex Stability

Covalent modification of receptors and their binding partners appears to be critical for regulating the activity of many activated GPCRs ([@B61]). Ubiquitination seems unique in its ability to potentially govern multiple facets of receptor function, including internalization, compartmentalization, signaling, and degradation of the receptor complex, depending on the stability and secondary structure of ubiquitin linkages to target proteins ([@B31]). β-Arrestin ubiquitination may be influential in regulating some of these receptor-mediated events with certain GPCRs ([@B25], [@B32], [@B62]). Furthermore, loss-of-function mutation of β-arrestin with respect to receptor-specific β-arrestin ubiquitination may result in the inability of some receptor complexes to internalize into endosomes ([@B24], [@B32]) and alter the ability of β-arrestin to scaffold and compartmentalize pERK1/2 signaling complexes ([@B24]). Characterization of the temporal aspects of β-arrestin-ubiquitin proximity is potentially informative for investigating the stability of receptor complexes and the influence it may exert on β-arrestin-mediated activities. Using BRET, the kinetics of β-arrestin-ubiquitin proximity has been explored for two GPCRs, β~2~-adrenergic receptor and vasopressin receptor 2, that represent class A and B β-arrestin-binding receptors, respectively ([@B39]). There is some evidence for enzymes that co-regulate ubiquitination and deubiquitination events associating with the receptor complex in a class-dependent manner to allow stable ubiquitination of vasopressin receptor 2 and more transient ubiquitination of β~2~-adrenergic receptors upon agonist stimulation ([@B62]). Similarly, chimeric β~2~-adrenergic receptors and vasopressin receptor 2 with swapped C-tails appear to exhibit β-arrestin ubiquitination stability dependent on the origin of the C-tail ([@B33]).

In this study, OxR2-expressing cells display a more stable, prolonged BRET signal for energy transfer between tags on β-arrestin 2 and ubiquitin that is kinetically similar to that of β-arrestin recruitment to this receptor, whereas OxR1-expressing cells display a more transient BRET signal indicating more transient receptor-arrestin-ubiquitin complex formation compared with OxR2. Note that we have not directly assessed either β-arrestin or receptor ubiquitination *per se*, and although most of the BRET signal is presumed to result from β-arrestin interaction with ubiquitin, as these are the BRET-tagged proteins in the complex, it cannot be excluded that a component of the signal results from ubiquitin interacting directly with the OxR or other proteins in the macromolecular complex. This would bring the Venus tag on ubiquitin into close proximity to the *R*luc8 tag on the β-arrestin that is also interacting with the receptor complex. Either way, the observations that more sustained ubiquitination correlates with increased stability of the receptor-β-arrestin complex are consistent with previous findings ([@B33], [@B39], [@B62]) and support our observations from the eBRET assays monitoring receptor-β-arrestin proximity and the recycling assays.

#### Correlation with ERK1/2 Phosphorylation

We observed significantly elevated and sustained pERK1/2 following activation of OxR2 compared with OxR1 at time points typically associated with non-G protein-mediated ERK1/2 phosphorylation ([@B34], [@B63]). The elevated level of pERK1/2 for OxR2 at the later time points compared with OxR1 is consistent with OxR2 forming a more stable secondary signaling complex that is likely to involve β-arrestin. Consequently, this may also indicate that OxR2 scaffolds and maintains pERK1/2 in the cytosol rather than allowing nuclear translocation as has been observed for non-G protein-mediated ERK1/2 signaling ([@B64]--[@B66]). Indeed, the possibility of non-G protein-mediated ERK1/2 signaling has been observed in a study involving chemical inhibition of the G protein-mediated pERK1/2 pathway for OxR2 ([@B67]). Furthermore, significant differences in OxA potency at OxR2 when comparing 2- and 90-min stimulation time points also indicate that ERK1/2 activation occurs via different mechanisms at the different time points. Indeed, the observed ERK1/2 activation that is presumed to be predominantly via a non-G protein-mediated pathway occurs at higher doses, consistent with the lower potency of receptor-β-arrestin proximity compared with G protein-mediated signaling.

#### Do Both OxRs Fit the Current Classification for β-Arrestin Usage?

GPCRs exhibiting weak, transient β-arrestin interactions with an apparent preference for β-arrestin 2 tend to be deemed class A receptors, although GPCRs that form strong, stable interactions with both β-arrestins tend to be denoted class B receptors for β-arrestin usage ([@B59]). Results from the eBRET kinetic studies indicate that both OxRs can associate robustly with both β-arrestins, superficially making them both candidates for class B classification according to β-arrestin usage ([@B52], [@B59]). Indeed, previous confocal microscopy studies have shown β-arrestin 2 co-localized with OxR1 in acidic endosomes following OxA stimulation ([@B48]). The class B assignment is also supported by the combination of our confocal microscopy and ELISA data showing that both OxRs are internalized to similar degrees. Furthermore, although OxR1 displays a more transient association than OxR2, the profiles are similar for both β-arrestins. However, the rapid recycling observed with OxR1 does not fit the class B categorization well and neither does the relatively weak and transient ubiquitination profile. Interestingly, such unusual behavior resembles that observed with somatostatin sst~2A~ receptor that was classified uneasily as class B for β-arrestin usage as it formed stable complexes with both β-arrestins, yet was rapidly resensitized and recycled to the plasma membrane without detectable receptor ubiquitination ([@B60]). Bradykinin 2 receptor is another notable example as it appears to interact strongly with β-arrestin 2 when bradykinin is present ([@B42], [@B68]), but it recycles rapidly following agonist washout ([@B68]), similar to our observations with OxR1. Moreover, the functional differences revealed by the pERK1/2 kinetic profiles further highlight the differences between the OxR subtypes. It has been considered previously ([@B60], [@B68]) and our data further indicate that the taxonomy of GPCRs according to β-arrestin usage may need to be refined to discriminate between receptors that interact strongly with both β-arrestins yet exhibit divergent kinetic profiles. Perhaps a class C for β-arrestin usage is required, as suggested by Simaan *et al.* ([@B68]), for bradykinin 2 receptor, with OxR1 and sst~2A~ receptor fitting into this category. Furthermore, our findings indicate that temporal characterization of the receptor-arrestin-ubiquitin complex may help to differentiate potential members of the different classes, with the ultimate aim of improving our understanding of receptor systems *in vitro* so that they can be correlated more effectively to physiological and pathological roles *in vivo*.

In conclusion, the orexin neuroendocrine system is an intriguing physiological entity with vast potential as a target for therapeutic intervention, particularly as it appears to play a unique and fundamental role in regulating and integrating so many key biological systems from sleep-wake to metabolism. A greater understanding of the mechanisms regulating its function is crucial if this pharmacological potential is to be tapped.
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